Introduction
============

Gastric cancer is one of the most common malignant tumor and the third leading cause of cancer death worldwide[@B1]-[@B3]. Approximately 951600 new gastric cancer cases and 723100 deaths occurred in 2012 in the world, while many of patients are diagnosed in advanced stage with a high risk of metastasis and recurrence in China[@B4], [@B5].Peritoneal carcinoma is the most common pattern of metastasis and recurrence accounting for 20.0-53.5% of recurrence after radical resection for gastric cancer[@B6]-[@B8] .The median survival of patients with peritoneal metastasis is less than 6 months, owing to the rapid progression of metastasis and development of resistance to kinds of therapy[@B9]-[@B13]. However, effective treatments for peritoneal carcinomatosis are still undefined.

Metastasis of tumor is a complex process involving multiple pathogenic steps and many metastasis-related proteins have been identified to be involved. However, we have not yet succeeded in deciphering the molecular mechanism associated with peritoneal metastasis in gastric cancer. Recent advancement has illustrated that the epithelial-mesenchymal transition (EMT) is a key mechanism in the invasiveness and metastatic initiation in most cases of carcinoma[@B14].

During EMT process, cells develop with the increased mobility and initiate migratory characteristics, contributing to a multiple biochemical change in epithelial cells and thereby enabling it to assume a mesenchymal cell phenotype[@B15]. Cancer cells acquire aggressive properties and intrude into the surrounding stroma through the process, accompanied with the reduced apoptosis and resistance to some exogenous agents[@B16]. It\'s urgent for us to explore the driver molecules involved in EMT process, which makes access to exploitation of specific drugs targeting the peritoneal metastasis potential of gastric cancer.

S100A4 is one of the numerous specific metastasis-related proteins, which was synthesized as a 9,000-molecular weight acidic polypeptide (p9ka/S100A4) by the elongated myoepithelial-like cells in a rat mammary tumor cell line culture[@B17], [@B18] .The human S100A4 gene is localized in chromosome 1q21 and consists of four exons that code a protein with 101 amino acid residues. S100A4 is a member of the S100 calcium binding protein family and is also known as metastasin p-EL-98, 18A2, 42A, p9Ka, CAPL, calvasculin, and fibroblast-specific protein. S100A4 was identified by Ebradlize and colleagues, and shown to be associated with tumor metastasis for the first time[@B19] .Our previous study has confirmed that S100A4 played an important role in TGF-β-induced EMT in colorectal cancer[@B20]. Those all suggest potential ability of S100A4 in the invasion and metastasis of human malignant tumors.

To figure out role of S100A4 plays in the peritoneal metastasis of gastric cancer, we investigate the involvement of S100A4 in EMT process of gastric cancer by demonstrating its relation with EMT-associating markers in tissue samples of human gastric cancer. We also determined its role on TGF- β-induced EMT and cell invasion in gastric cancer cell lines by in-vitro experiments of lost-function and gain-function. We aimed to gain deeper insight into molecular mechanisms of peritoneal metastasis in gastric cancer and shed new light on target therapy for patients with advanced gastric cancer and peritoneal metastasis.

Materials and Methods
=====================

Cell lines and tumor tissue samples
-----------------------------------

The gastric cancer cell lines MKN45, MGC803, SGC7901 were obtained from the Cell Bank of the Chinese Academy of Science (Shanghai, China) and maintained as previously described[@B21]. These cells were cultured with RPMI Medium 1640(Thermo Fisher, Life Technologies Corporation; Grand Island, NY) supplemented with 10% fetal bovine serum (FBS) at a humidity of 5%CO~2~ at 37℃. As for TGF-β treatment, the cells were stimulated with human recombinant TGF-β1 (Peprotech), which was diluted with serum-free medium containing BSA for 24 or 48 hours. Fresh primary gastric cancer specimens and paired noncancerous gastric tissue specimens were provided by the Department of General Surgery in Nanfang Hospital of Southern Medical University in Guangdong, China.

Plasmids and transfection
-------------------------

A plasmid containing S100A4 cDNA was purchased from OBIO Biotechnology Company. S100A4-specific siRNAs were synthesized as previously described[@B20].Exponential growth phase cells were planted in 6-well plates at a density of 0.5x10^5^ cells/mL and starved for 24 hours, then 1mg of siRNA or 4ug cDNA in reduced serum medium were transfected(OPTI-MEM I; Invitrogen) according to the manufacturer\'s protocol.

Western blotting
----------------

Proteins were extracted with RIPA lysate and separated(20ug) on SDS-PAGE gels, then the following antibodies were incubated overnight with gently shaking at 4℃: rabbit antibody to S100A4 (1:500; Abcam), E-Cadherin, β-Catenin, N-Cadherin (1:1000; Proteintech), p-AKT (ser473), AKT, p-c-raf259, p-P44/42, p-Smad2/3, Smad2/3 (1:1000; CST); and mouse antibodies to MYH9 (1:1000; Abcam), GAPDH, Vimentin (1:1000; Proteintech).

Immunohistochemistry
--------------------

As previously described, IHC was performed to investigate the expression of proteins in human gastric cancer tissue[@B22]. The sections were incubated overnight with primary antibodies against S100A4, MYH9 (1:100), E-Cadherin, β-Catenin, Vimentin (1:50) at 4℃. Mayer\'s hematoxylin was applied to nuclear counter staining. In this study, our slides were reviewed by two or three blindfolded pathologists. To evaluate the expression levels of protein, the intensity of staining of cancer cells was scored as follows: 0 (no staining), 1 (weak staining, light yellow), 2 (moderate staining, yellow brown), and 3 (strong staining, brown). The ultimate immunohistochemistry score for individual case were listed as Supplementary table [1](#SM0){ref-type="supplementary-material"}. An intensity score of ≥2 was considered as high expression (or overexpression), whereas the rest of the intensity score was regarded as low expression. The discrepancies (\<5%) were resolved by simultaneous reevaluation. The significance of correlation was determined using the Pearson χ2 test.

Cell Migration assay
--------------------

For migration assay, 10^5^ cells mixed with 0.2ml serum-free culture medium were filled in the upper chamber of transwell plate (Corning) as reported[@B21]. In the lower chamber, 0.6ml medium with 10% of FBS were abounded to attract the cells of the upper chamber to squeeze into the holes of the membrane. After incubation for 24 hours at 37℃, cells penetrated the membrane were fixed with methanol solution for 15 minutes, Giemsa staining was used to mark the migrated cells, the number of cells in 4 randomly selected microscope fields were counted.

KM plotter analysis
-------------------

Kaplan-Meier plotter (<http://www.kmplot.com>), an online tool that incorporates public microarray data from GEO and TCGA database, was used to analyze the transcription levels and prognosis value of S100A4 in 876 patients with gastric cancer[@B23]. Patient samples were split into two groups according to the median expression (high vs. low expression) and assessed by a Kaplan-Meier survival plot, with the hazard ratio (HR) with 95% confidence intervals (CI) and log rank p value.

Results
=======

S100A4 is significantly correlated with expression of EMT markers in gastric cancer
-----------------------------------------------------------------------------------

Immunoblotting analysis was performed to detect the expression of S100A4 in gastric cancer tissues. We discovered relatively high expression level of S100A4 in 62.5% (5/8) gastric cancer tissue compared to adjacent normal sample. Interestingly, the inversely correlative expression of E-Cadherin with S100A4 was observed in 50 % (4/8) gastric cancer tissues (Figure [1](#F1){ref-type="fig"}A and Supplementary table [1](#SM0){ref-type="supplementary-material"}). In this study, IHC detection for the expression of S100A4, E-Cadherin, β-catenin and Vimentin in additional 20 paired of matched tissues confirmedly revealed the correlation between expression of S100A4 and E-Cadherin, β-catenin, Vimentin. S100A4 expression was closely positively correlated with Vimentin, while inversely correlated with E-Cadherin and β-catenin expression. Furthermore, we noticed that S100A4 was significantly upregulated in the invasive margin that surrounded the micro invasive foci of gastric cancer (Figure [1](#F1){ref-type="fig"}B).

S100A4 enhanced cell invasiveness through induction of EMT
----------------------------------------------------------

Loss of function assays *in vitro* were employed to confirm above results derived from analysis for clinical samples. After transfection of S100A4 targeted siRNA, increased expression of epithelial markers (E-Cadherin and β- catenin) and decreased expression of mesenchymal markers (Vimentin and N-Cadherin) were observed in MKN45 and MGC803 cells (Figure [2](#F2){ref-type="fig"}A and C), indicting low expression of S100A4 suppressed the transition of epithelial to mesenchymal. Transwell assay suggested that after being knock down of S100A4, invasive ability of MKN45 and MGC803 cells were obviously lower compared to control group (Figure [2](#F2){ref-type="fig"}B).

To investigate the influences of S100A4 on the expression of EMT associated markers in gastric cancer and peritoneal metastasis, we detected and analyzed the correlation between S100A4 and EMT markers by using IHC assay. S100A4 was overexpressed in gastric cancer and peritoneal foci along with upregulated mesenchymal markers Vimentin. In contrast, epithelial marker E-Cadherin was downregulated in gastric cancer and matched peritoneal foci tissues but overexpressed in normal gastric tissues (Figure [2](#F2){ref-type="fig"}D).

S100A4 regulated Smad pathway to induce EMT progress
----------------------------------------------------

To explore molecular mechanism underlying S100A4-mediated EMT, we carried out Western blot analysis for phosphorylation status of proteins in EMT signaling. Overexpression of S100A4 significantly induced phosphorylation of Smad2, and AKT in SGC7901 cells, indicating its role of a key mediator of EMT through Smad and AKT signaling pathway (Figure [3](#F3){ref-type="fig"}A, B). To further elucidate the relationship between S100A4 and TGF- β signaling in gastric cancer, we analyzed the effect of stimulation of recombinant TGF-β on S100A4 expressions in MKN45 and MGC803 cells. We identified that TGF-β stimulation lead to evident increase of S100A4 expression level, upregulated epithelial markers and down regulated mesenchymal markers which indicated EMT process (Figure [3](#F3){ref-type="fig"}C). After being treated with TGF-β for 48 hours, MKN45 and MGC803 cells showed characteristic appearance of cobblestone-like phenotype (Figure [3](#F3){ref-type="fig"}D) and morphologic changes of EMT, we also observed time-dependent increases in migration capacity of tumor cells (Figure [3](#F3){ref-type="fig"}E).

MYH9 co-expressed with S100A4 in gastric cancer
-----------------------------------------------

Through searching for String.com database we found that MYH9 was one of candidates of S100A4 modulated proteins (Figure [4](#F4){ref-type="fig"}A). To determine their association in cell lines, we interfered expression of S100A4 in MGC803 cells by transfection of siRNA. Q-PCR analysis suggested that the relative mRNA level of MYH9 was reduced which shown the same tendency with S100A4 (Figure [4](#F4){ref-type="fig"}B). In protein level, the expression of MYH9 was always in the wake of expression change of S100A4 result from knockdown of S100A4 or arise from transfection of S100A4 plasmid in MKN45 cells and MGC803 cells (Figure [4](#F4){ref-type="fig"}C, D). We visualized co-expression of the two proteins by immunofluorescence assay of MKN45 and MGC803 cells (Figure [4](#F4){ref-type="fig"}E). The mutual interaction between S100A4 and MYH9 was confirmed by Co-immunoprecipitation assay (Figure [4](#F4){ref-type="fig"}F).

To illustrate correlation between expression of S100A4 and MYH9 in a clinical setting, we selected a piece of sample microarray covered with 92 stomach cancer tissues for IHC detection. We discovered that expression level of MYH9 was frequently higher in samples with high-scored S100A4 expression (Supplementary Table [1](#SM0){ref-type="supplementary-material"}) compared to that with low-scored S100A4. MYH9 expression was obviously correlated with S100A4 expression (R^2^=0.7160, p\<0.0001; Figure [4](#F4){ref-type="fig"}G, H). Prognosis significance of S100A4 mRNA expression in GC patients was investigated by searching in Kaplan-Meier plotter database. We identified that S100A4 was not significantly correlated to overall survival of GC patients but high S100A4 expression remained a highly significant indicator of poor prognosis in diffuse type or stage IV GC patients, suggesting that S100A4 might correlate with more invasive behavior and treatment resistance in gastric cancer (Figure [4](#F4){ref-type="fig"} I, J, K).

S100A4 and MYH9 are critical for TGF-β mediated EMT process
-----------------------------------------------------------

We investigated the roles of S100A4 coupled with MYH9 in the EMT process, which was regulated by TGF-β/Smad pathway. TGF-β stimulation promoted the expression of MYH9 in MKN45 cells and MGC803 cells in a time-dependent manner as S100A4 has assumed (Figure [5](#F5){ref-type="fig"}A). TGF-β stimulation facilitated migration capacity of MKN45 cells MGC803 cells while knock of S100A4 or MYH9 impaired this impact (Figure [5](#F5){ref-type="fig"}B, C). Besides, transfection of S100A4 or MYH9 specific siRNA could partially suppress progression of EMT which was manifested as mesenchymal makers and reduced expressions of epithelial makers. Western blot analysis showed that interference of S100A4 or MYH9 was able to suppress the phosphorylation of AKT, and Smad2. Either interference of S100A4 or MYH9 obviously give rise to inactivation of Smad pathway which was activated by TGF-β stimulation (Figure [5](#F5){ref-type="fig"}D). We consider that both of S100A4 and MYH9 are required for TGF-β mediated EMT process.

Discussion
==========

Recent researchers have identified S100A4 as a tumor metastasis-associated protein in many cancer, such as breast cancer[@B24], ovarian cancer[@B25], colorectal cancer[@B26], lung cancer[@B27],et.al. In our previous studies, S100A4 was identified as a protein that was associated with development and tumor progression of colorectal cancer [@B20]. Overexpression of S100A4 was found in metastatic gastric cancer and closely correlated with poor overall survival. The results suggested that S100A4 is a promising target in clinical therapy of patients with advanced gastric cancer. Nevertheless, the molecular mechanisms underlying S100A4 in peritoneal metastasis of gastric cancer are still unclear.

EMT played a critical role in cancer progression and metastasis. Numerous studies have illustrated that EMT is a common molecular mechanism in gastric cancer peritoneal metastasis. More and more evidences suggested that achievement of an EMT phenotype is associated with increased capability of invasion and metastasis in gastric cancer cells[@B28]. Up-regulation of mesenchymal markers and down-regulation of epithelial markers are the major molecular alteration during EMT. Taking this into consideration, we hypothesized that S100A4 is involved in EMT-mediated gastric cancer peritoneal metastasis. In this study, S100A4 expression was closely related with EMT markers in clinical gastric cancer samples. *In vitro* study has shown that the introduction of S100A4 induced changed expression levels of EMT associated markers accompanied with enhanced invasive ability of gastric cancer cell. Our results suggested that S100A4 probably participated in EMT-regulated progression in gastric cancer. We sought for molecular mechanism to shed light on biologic process leading to peritoneal metastasis in gastric cancer based on previous study. Then we used proteomic strategy to comprehensively explain S100A4-induced EMT processes.

Searching in STRING.com dataset, we revealed that one of the candidates downstream molecular of S100A4 was MYH9, which was positively regulated by S100A4. MYH9 is a gene encoding nonmuscle myosin IIA (NMIIA), belongs to the myosin II subfamily of actin-based molecular motors that includes skeletal, cardiac, smooth muscle, and no muscle myosin[@B29], [@B30]. Several studies have indicated that MYH9 played a key role in invasion and metastasis of cancer[@B31], [@B32].However, a study based on a direct *in vivo* siRNA strategy showed that MYH9 siRNA and MYH9 knockout significantly triggered formation of invasive squamous cell carcinoma. MYH9 is diminished in human SCCs and predict poor survival, suggesting it might act as a potential tumor suppressor[@B33]. Although further studies need to be carried out, our data provide new evidence that MYH9 might serve as a critical protein tend to interact with S100A4 to drive peritoneal metastasis in gastric cancer. In gastric cancer cells, exogenous overexpression of S100A4 remarkably enhanced the expression of MYH9 both in mRNA and protein level. On the contrary, low expression of S100A4 obviously suppressed the expression of MYH9. The reinforcement of migration ability of gastric cancer cells caused by upregulated S100A4 was compromised when expression of MYH9 was suppressed. We believe that MYH9 was critical for S100A4 induced enhancement of invasive ability of gastric cancer.

Our study reveal that S100A4 can activate Smad signaling pathway by regulating phosphorylation level proteins in that pathway, which were recognized as pivotal link of cancer progression. TGF-β induce EMT process through Smad and the complementary non-Smad pathway, containing MAPK, PI3K/AKT and p-c-raf259. In our study, both S100A4 and MYH9 were closely related with the TGF-β/Smad pathway, a classical EMT mode. TGF-β stimulation induced obvious changes of EMT-like phenotype and promoted migration ability of gastric cancer cells. We also observed a simultaneous increase of the expression of S100A4 and MYH9 in a time-dependent manner responding to TGF-β stimulation. Moreover, S100A4 and MYH9 were indispensable for increasing the cell invasiveness of gastric cancer cells induced by TGF-β stimulation. We propose that both of S100A4 and MYH9 are significant downstream effectors of the TGF-β signaling pathway and TGF-β activation produce invasive effects by the two proteins in gastric cancer cells.

Our study revealed that S100A4 could activate Smad signaling pathway by regulating phosphorylation level proteins in that pathway. TGF-β induce EMT process through Smad and the complementary non-Smad pathway, containing AKT. In our study, both S100A4 and MYH9 were closely related with the TGF-β/Smad pathway, a classical EMT mode. TGF-β stimulation induced obvious changes of EMT-like phenotype and promoted migration ability of gastric cancer cells. We also observed a simultaneous increase in the expression of S100A4 and MYH9 in a time-dependent manner responding to TGF-β stimulation. Moreover, S100A4 and MYH9 were required for increasing the cell invasiveness of gastric cancer cells induced by TGF-β stimulation. We proposed that both of S100A4 and MYH9 were significant downstream effectors of the TGF-β signaling pathway.

Overexpression of S100A4 was frequently found in gastric cancer tissues, especially in peritoneal metastatic tissues. In this study, S100A4 contribute to TGF-β-mediated EMT via Smad and signaling pathway. The phosphorylation protein interacted with various transcription factors and transcriptional coactivators or corepressors and regulated the transcription of target genes to promoted migration and invasiveness of gastric cancer cells. In conclusion, S100A4 contribute to progression of gastric cancer by playing a critical role in the TGF-β-mediated EMT process. Thus, S100A4 is a central molecular regulator during progression and metastasis of gastric cancer. Moreover, S100A4 may be employed to design specific targeted drugs for managing the patients with peritoneal metastasis of gastric cancer.
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![S100A4 was correlated with expression of EMT markers in gastric cancer tissue. A, immunoblotting analysis is performed to detect the expression of S100A4, MYH9, and E-Cadherin in gastric cancer tissues. B. S100A4 was up-regulated in the invasive margin and surrounded the micro invasive foci of gastric cancer and relative to the level of E-Cadherin, β-Catenin and Vimentin.](jcav09p3839g001){#F1}

![S100A4 was correlated with expression of EMT markers in gastric cancer tissue. **Legends:** A. Western blotting analysis of S100A4, Vimentin, β-Catenin, E-Cadherin and N-Cadherin in MKN45 and MGC803 cells. B. representative microscopic fields and cell counting of Transwell assay for MKN45 and MGC803 cells with interfered S100A4. C. subcellular localization of S100A4, Vimentin and E-Cadherin in MKN45 and MGC803 cells were assessed through immunofluorescence staining. D. IHC staining detected the expression of S100A4, E-Cadherin and Vimentin in gastric cancer peritoneal metastasis foci.](jcav09p3839g002){#F2}

![S100A4 regulated pivotal signaling transduction pathways. A. Western blotting for S100A4, MAPK, P44/42, P-AKT, Smad2, p-Smad2 in vector- or S100A4-transduced cells. B. the immunosignal was quantified using densitometric scanning software, and relative protein abundance was determined by normalization with internal control GAPDH. C. Western blot analysis was used to detect the expression of S100A4, E-Cadherin, N-cadherin and Vimentin in response to treatment of 10ng/ml TGF-β for 0,24,48 hours. D. The morphologic change of gastric cancer cells in response to the treatment with TGF-β or control for 48 hours was observed under an inverted microscope. E. The representative microscopic fields and statistical results of Transwell assay for MKN45 and MGC803 cells treated with TGF-β v.](jcav09p3839g003){#F3}

![S100A4 was correlated with expression of MYH9 in gastric cancer tissue. **Legends:** A. String.com database indicate the downstream pivotal gene of S100A4. B. real-time PCR was performed to detect the expression of MYH9 and S100A4 mRNA in indicated cells. C-D. Western blot and immunofluorescence staining was performed to detect the expression of MYH9 and S100A4 protein in indicated cells. E-F. The subcellular localization and interaction of MYH9 and S100A4 in indicated cells was assessed by immunofluorescence and coimmunoprecipitation respectively. G. TMA analysis of S100A4 and MYH9 in primary human gastric cancer tissues and normal adjacent tissues at x100 and x200 magnification. H. Regression analysis of S100A4 and MYH9 expression in primary gastric cancers (n=90). Linear regression analysis was performed based on the expression score of S100A4 and MYH9 from the TMA. I-J-K. Kaplan-Meier survival analysis of S100A4 expression in patients with gastric cancer (log-rank test). The Kaplan-Meier analyses (log rank test) are shown for (I)all patients in the cohort and (J) diffuse type or (K)stage IV GC patients using KM plotter, from public microarray data in GEO and TCGA database.](jcav09p3839g004){#F4}

![S100A4 and MYH9 are critical for TGF-β mediated EMT process**. Legends:** A. Western blot of MYH9 in indicated cells in response to the treatment with 10ng/ml TGF-β for 0,24,48 hours. B and C. The representative fields and statistic data of Transwell assay for MKN45 and MGC803. D. The Western blot of S100A4, MYH9, Vimentin, E-Cadherin, p44/42, MAPK, p-AKT473, AKT, Smad2, p-Smad2 in the indicated cells that were coinfected with 10ng/mL TGF- β and S100A4 or MYH9 siRNA. E. a hypothetical model illustrating that S100A4 contributed to TGF- β-induced EMT by regulating MYH9.](jcav09p3839g005){#F5}
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